Neptunium complexes in the formal oxidation states II, III, and IV supported by cyclopentadienyl ligands are explored, and significant differences between Np and U highlighted as a result. 
Introduction
Fiy years have passed since the foundation of organometallic neptunium chemistry in the form of cyclopentadienyl chemistry,
1 and yet only a handful of complexes have been reported, and even fewer fully characterised.
2-4
Yet increasingly, combined synthetic/spectroscopic/computational studies are demonstrating how covalently binding, so, carbocyclic organometallic ligands that form actinide-ligand s-, p-, d-and even 4-(back)bonding interactions provide an excellent platform for advancing the fundamental understanding of the differences in orbital contributions and covalency in f-block metal-ligand bonding. 5 Understanding the subtleties are key to the safe handling and separations of the highly radioactive nuclei. [6] [7] [8] For example, recent quantitative carbon K-edge X-ray absorption spectroscopy (XAS) analyses on the organometallic [An(COT) 2 ] (An ¼ Th, U), "actinocenes" provided the rst experimental evidence for extensive 4-orbital interactions in thorocene, and remarkably little in the U analogue, with contrasting trends in orbital mixing. 9 Furthermore, a combination of experimental and QTAIM computational comparisons of [M(L ) showed signicant differences (up to 17%) in orbital contributions to M-L bonds between the Ln and An analogues, and that the covalency in the Np-ligand bonding arises from spatial orbital overlap rather than a coincidental energy degeneracy. 4 The work also demonstrated differences between U and Np in their reaction chemistry, such as the stability of the Np II formal oxidation state or the reduction of Np IV to Np III upon complexation.
Organoneptunium chemistry has relied heavily on the ubiquitous cyclopentadienyl ligand, Cp ¼ (C 5 H 5 ) subsequently reported from standard chemical routes as thermally robust, volatile complexes.
11, 12 Baumgärtner et al. reported the rst homoleptic organoneptunium complex, tetrakis(h 5 -cyclopentadienyl)neptunium(IV), [Np(Cp) 4 ], from treatment of NpCl 4 with excess KCp in benzene. 13 Many of the earliest studies on neptunium cyclopentadienyl complexes also had the aim of exploring covalency in the bonding, using the fact that Np is a Mössbauer active nucleus. However, not all the studies agreed. The rst Mössbauer studies on [Np(Cp) 4 ] and [Np(COT) 2 ] suggested less interaction between the central ion and the Cp ligands but appreciable covalency in the Np-COT bonding.
14 On the other hand, Bohlander 12 reported the isomer shi of the Np nucleus in [Np (Cp) 4 ] closely approaches that of the record-breaking, covalent [Np(COT) 2 ], thus being the most covalent Np-Cp derivative. Finally, from analysis of the isomer shis Karraker 14, 15 stated that there were smaller covalent bonding contributions in [Np (Cp) 4 ] than [Np(Cp) 3 Cl], whereas Adrian 16, 17 concluded the opposite. The redox properties of the element play a pivotal role in neptunium chemistry as it conventionally exhibits ve oxidation states in compounds, from +3 to +7. 12 Attempts to desolvate it by heating samples in vacuo led to signicant decomposition.
14,22
Herein, we report the synthesis and structural characterisation of a series of Np III cyclopentadienyl complexes, and their reduction chemistry, both spontaneous and directed. Structural changes are discussed in relation to the neptunium formal oxidation state and nature of the ligands, as the majority of the complexes have been structurally characterised by single crystal X-ray diffraction. crystals of suitable size for an X-ray diffraction study were analysed but only very weak diffraction was observed as the crystals had degraded during the radiologically protective mounting procedure. Due to the high sensitivity of the compound we were not able to determine the structure of the reduced product from this reaction or to measure any spectra. 
Results

Syntheses
Spectroscopy
Molecular structures
The molecular structure of NpCp 4 is here reported for the rst time. Dark red single crystals were obtained by extraction with pentane over several days. The compound is kinetically stable. X-ray diffraction analyses revealed an ideal tetrahedral environment of the Np centre, shielded with the four Cp rings in an isostructural complex to its Th 28 or U 29 analogue (Fig. 1 ). Across the row of the isostructural [An(Cp) 4 ] (An: Th, U, Np), in line with the actinide contraction the cell volume decreases from 802Å 3 (Th) to 786Å 3 (U) to 775Å 3 (Np). Furthermore, a shrinking of the entire molecule is expressed by a decreasing An-Cp ring centroid distances. These are found to be 2.606Å for Th, whereas in the U analogue they are determined to 2.588Å and for the here presented Np complex they are 2.551Å, again shorter. The shrinking parallels the decrease of the ionic radii; this implies that the nature of the bonding in the complexes in this row is comparable and even if covalency plays a role it does not affect the bond lengths in the complexes signicantly. Dark-brown, almost black single crystals of NpCp 3 suitable for X-ray crystal structure determination were obtained from a 3.5% v/v diethyl ether in n-pentane solution stored at room temperature for 7 d.
The However, some of the published data were recorded at room temperature and are less well resolved. In order to discuss fully the differences between the isostructural complexes of the type [M(Cp) 3 ] (M: Ln, An) it will be necessary to re-determine the solid state structures of the corresponding Ln complexes.
Red-brown crystals of K[NpCp 4 ] suitable for single crystal Xray diffraction analysis were grown from a diethyl ether solution stored at room temperature for ca. 100 h. The asymmetric unit consists of 1. (Fig. 4) . 24 the crystallization temperature was lowered to À78 C but the small, shiny black crystallites appearing in the ltrate aer 1 h of storage at À78 C showed insufficient diffraction properties.
Although 4 ] targets provided by Bohlander contained two low intensity bands arising from the unidentied impurities, which may provide an argument for this study. 16 The utility of the Cp anion as a reductant is well documented in preparative inorganic chemistry, and an additional equivalent(s) of either NaCp or [MgBr(Cp)] can be conveniently employed to reduce in situ the higher oxidation state transition metal and lanthanide precursors and produce metallocenes of the M II centres i.e. Cr, 
12,61
The reported formal potentials summarized in Table 1 -C 6 R 6 )], (in which the arene carries a dianionic charge) (X ¼ bulky aryloxide or amido monoanion, C 6 R 6 ¼ benzene, toluene, The results presented show that neptunium cyclopentadienyl chemistry can show signicant deviations from its uranium congeners, in sharp contrast to previous assertions, and the resulting spectroscopic, redox, and structural investigations provide a signicant and deeper understanding of minor actinide chemistry.
